Introduction 45 46
In recent years, microfluidics coupled with live-cell imaging have revolutionized 47 bacteriology, testing directly the impact of rapid and controlled environmental transitions on 48 cell physiology. With the advent of super-resolution microscopy, the bacterial cell can now be 49 further explored at unprecedented resolution, tracking cellular processes one molecule at a time 50 (1) . The impact of these methods is not limited to basic research because single cell approaches 51
are unquestionably powerful at determining antimicrobial susceptibility (AST, Antimicrobial Chitosan is a linear polysaccharide composed of randomly distributed β-(1→4)-linked D-107 glucosamine and N-acetyl-D-glucosamine units ( Figure S1A ). Its physicochemical properties 108 are highly dependent on its macromolecular parameters (i.e. average molar mass M w , and 109 degree of acetylation DA). A control of these parameters is needed to ensure robustness when 110 studying the physicochemical and biological behavior of chitosan polymers. Indeed, growth 111 and motility where not always reproducible when glass slides were coated with raw commercial 112 chitosan and this variability could be due to the poor chemical characterization of commercial 113 stocks, which contain chains of variable DA, molar mass and statistical distribution of the acetyl 114 groups.
115
Consistent with this, size exclusion chromatography (SEC-MALLS/RI) analysis performed on 116 chitosan from a commercial source (Sigma-Aldrich, See Methods), revealed an important 117 dispersity in polymer chains length (Polydispersity Index Ð = 2.65). It is essential to control 118 the dispersity of chitosan chains because slight variations in molar mass and DA of chitosan 119 polymers can be associated to a wide range of biological responses: cell adhesion, wound 120 healing and even bacterial stasis and lysis (11, 12) . As a general trend, it is mandatory to 121 determine and control each molecular parameter in order to understand their impact on bacterial 122 physiology and to ensure reproducibility of our experiments.
123
To this aim, we first generated a large library of chitosan polymers with various DA and molar 124 masses (13) (Chito-library). Different molar masses (M w , 180 kg/mol and high M w , 460 kg/mol) 125 were obtained by selecting chitosan from different source (shrimp or squid). To control the 126 acetylation levels, the polymer chains were re-acetylated in vitro to produce DAs of 1%, 10%, 127 15%, 25%, 35%, 45%, and 55% (14). Each polymer was characterized by SEC to control its 128 molar mass and by 1 H NMR to measure its DA ( Figure S1A , see Methods).
130
Flat and homogeneous layers of polymer in the nanometer range (i.e. 15 nm < thickness < 150 131 nm) were obtained by Spin-coating of chitosan solutions with controlled concentration and pH 132 ( Figure 1A ). Substrates were chosen to be either silicon wafers for physicochemical 133 characterization, or boro-silicate glass coverslips for bacterial single cell studies ( Figure S1B , 134 no incidence of the substrate was noticed on the physicochemical characteristics of chitosan 135 layers). The thickness, uniformity, wettability and morphology of chitosan ultrathin films 136 prepared from the chito-library were systematically examined by ellipsometry, tensiometry, 137 optical microscopy, profilometry or atomic force microscopy ( Figure 1B ). Whatever the 138 formulations studied, thickness and wettability of chitosan layers were highly reproducible (e.g. 139
23.3 ± 1.3 nm, and 37.8 ± 1.2°, for chitosan formulation of DA 55%, [c] = 0.67%, M w = 180 140 kg/mol, with n = 10), with a Root Mean Square (RMS) roughness lower than 1 nm. The detailed 141 information on the physicochemical properties of the chitosan thin films will be described in a 142 specialized dedicated publication. 143 144
We thus successfully generated homogeneous CCS of known polymer molar mass, DA and 145 thickness. By varying the chitosan macromolecular parameters and chitosan solution 146 characteristics, more than 50 different chitosan coatings were thus prepared to be screened for 147 their ability so support bacterial proliferation.
149 150
Specific chitosan polymers promote adhesion and normal growth of E. coli cells 151
We next tested the ability of the various types of CCS to support the adhesion and ultimately 152 growth of the main laboratory E. coli K12 strain. To perform this screening, we divided our 153 CCS library in nine representative subclasses, based on source, DA and additional treatments 154 (Table 1 ). Each CCS type was then mounted at the bottom of a microfluidic cassette and tested 155 for E. coli adhesion and growth (see Methods).
156
We found that while LB-grown E. coli cells did not adhere to uncoated glass slides, they 157 adhered to all CCS types, showing that chitosan can indeed promote adhesion of E. coli. 158
However, while E. coli cells did generally proliferate on these surfaces, growth was frequently 159 abnormal, evidenced by cell filamentation and morphological aberrations ( Figure S2A ).
160
Nevertheless, one type of CCS obtained with chitosan polymers of DA 55%, M W of 156 kDa 161 and thickness of 32 nm supported normal growth (C5, Figure 2A , Table 1 ). To further 162 characterize this chitosan class, we tested 156 kDa polymers of varying DAs and found that 163 DAs ≥50% were required for biocompatibility (Table 1 ). In addition, formulation was important 164 because acid rinsing negatively impacted the biocompatibility of the procedure ( 
179
(which is comparable to shear stress generated in aorta (17), see Methods).
180
We next tested whether C5 created detectable stress on K12 E. coli growth. E. coli K12 cells 181 grew exponentially with a generation time similar to the generation of E. coli grown under 182 agitation in liquid culture at room temperature ( Figure 2C , C5 experiments were conducted at 183 25°C. C5 also supported growth of E. coli at 37°C but all described experiments were performed 184 at 25°C to avoid the use of a thermo-controller system). Cell morphology, measured by the 185 aspect ratio (length/width) remained stable over time, showing that it was not affected on C5 186 ( Figure 2D ). Last, to test whether C5 generates long term cellular defects, we allowed E. coli 187 cells to develop on C5 until they reached stationary phase and became quiescent for 3 days.
188
These cells resumed growth normally after fresh medium was injected, showing that long term 189 exposure to C5 does not affect cell viability ( Figure S2C resulted in the typical cell elongation and formation of a bulge in the septal zone that precludes 198 cell lysis ( Figure 3A , Movie S3). The approximate time-to-death was ~120 min (Td), consistent 199 with the kinetics described in other single cell experiments (18). On C5, Ampicillin generates 200 the same cellular defects as in other studies and could thus be used for AST.
202
We next tested whether antibiotic susceptibility may be determined in less time than the 203 measured Td (as detected by irreversible cell lysis). Indeed, although E. coli cells lyse after 204 2hrs, the action of ampicillin is first characterized by abnormal cell elongation ( Figure 3A ).
205
Thus, early detection of abnormal cell morphologies would provide a fast method to assess the 206 action of Ampicillin. To do this reliably and computationally, we designed a machine-learning 207 based morphometric method that discriminates abnormal cell morphologies from WT cell 208 morphologies and detects the effect of antibiotics at different treatment times ( Figure S3A -C 209 and Methods). Briefly, following segmentation and determination of cell contours, this method 210 allows the direct counting of cells with normal morphologies and thus the determination of 211 growth curves. This approach could readily determine growth curves of an E. coli strain isolated 212 from a urinary tract infection and treated with increasing doses of Ertapenem, a relatively large-213 spectrum Carbapenem standardly used at the hospital (UTI227, Figure 3B ). Lethal Ertapenem 214 effects could be detected as early as 50 minutes after addition of the antibiotic with 95% 215 confidence ( Figure 3B -3C Ertapenem (UTI227 MIC≤0.5) and measured their MICs on C5, extracting growth rates with 232 our computational methods ( Figure 3D ). In both cases, the results showed remarkable 233 consistency with the Vitek method and in fact, the CCS method was more sensitive allowing to 234 determine that the UTI227 Ertapenem MIC is between 0.01 and 0.05 mg/ml ( Figure 3D , Table  235 2). To further test the validity of the method, we tested the consistency of the measurements 236 over various range of Ertapenem concentrations for UTI227 and showed that its Mecillinam 237 MIC on C5 also matches the Vitek-determined MIC ( antimicrobial compounds and thus a growing concern in hospital environments (10). Indeed, K. 266 pneumoniae could readily grow on C5 (but at 66 nm thickness), with normal morphology and 267 generation time (~40 min, Figure 4A -B, Movie S5). Thus, C5 is a versatile substratum for 268 bacterial adhesion, and could be used in hospitals for AST of ESKAPE pathogens.
269
We next wondered if additional "Klebsiella-compatible" chitosans could be identified. As 270 discussed above, most tested chitosan polymers are not compatible with E. coli K12 and it could 271 be interesting to identify "species-specific" polymers for AST. To do this, we further screened 272 the Chito-library and successfully identified one additional CCS type, C11 (DA of 35 %, Mw 273 of 557 kDa and thickness of 101 nm) that also supported Klebsiella adhesion and growth 274 without detectable effect on bacterial fitness ( Figure 4B , Figure S4 ). Importantly, C11 did not 275 support growth of E. coli. In total, the results suggest that CCS is adaptable to the study of 276 multiple bacterial species and that depending on their chemical structure chitosan substrates 277 can either be derived to support adhesion and growth of multiple bacterial species or more 278 specifically, to grow a given bacterial species or even perhaps strain. The applications of CCS in the field of bacterial cell biology are evident as such technology 313 supports studies of any cellular processes, cell division, but also perhaps for studies of more 314 complex population structures such as micro-colonies, biofilms and communities. Using a 315 collection of E. coli strains, we typically observe that the bacteria first proliferate in two 316 dimensions which we have shown by RICM occurs due to tight adhesion. The bacteria 317 eventually proliferate away from the surface when space becomes a limiting factor for 318 proliferation ( Figure 2B ). However, we also observed that some E. coli strains colonize the 319 entire surface in 2D and thus form a single layer biofilm ( Figure S5 , Movie S6). The formation 320 of E. coli micro-colonies on a surface has been shown to depend both on adhesion strength and 321 preferential adhesion of the polar regions (which we also observe here, Figure 2B, (21) ). Thus, 322 it is likely that expanded micro-colonies are obtained depending on adhesion strength.
323
Screening conditions that support biofilm formation for a particular strain could be achieved by 324 defining a compatible adhesion range, either by modulating the ionic strength of the medium 325 and/or changing the chitosan thickness, molar mass and DA. 326 327
The search for rapid phenotypic assays to determine antibiotics susceptibility is now a global 328 priority to save on the use of large spectrum antibiotics and limit the spread of multiple 329 antibiotics resistance in hospitals (22). In current clinical practice, AST is generally performed 330 using semi-automated methods that measure growth in bulk cultures in liquid (i.e. VITEK, (23)) 331 or solid media. These methods only yield MICs estimate and the more accurate methods (i.e. 332 antibiotic gradients or E-tests (24)) are time-consuming and costly. Moreover, all of these 333 phenotypic antibiotic susceptibility testing require from 18 to 24 hours to provide an estimate 334 of antibiotic susceptibility. Single cell microscopy approaches are powerful alternatives 335 because they measure MIC as well as MCBs directly, more precisely and sometimes in less 336 than 30 min, for example in microchannel chips (2, 25). This technology however suffers from 337 important drawbacks linked to sophisticated manipulation and high species-specific use, 338 making its generalization in clinical practice difficult. Also, this method precludes 339 morphometry analysis because the bacteria are maintained in channels that directly constrain 340 their shape. Direct morphometry analysis for rapid AST has shown promising results on 341 bacteria embedded in agarose (3). However, in this case, the antibiotics were added indirectly 342 by diffusion through the agarose making it difficult to control the exact concentrations and 343 potentially slowing their action. In this context, CCS could provide an interesting alternative as 344
we have shown that it can be applied reliably for two major ESKAPE pathogens and it combines 345 the advantages of both above approaches, allowing direct antibiotic injection and morphometric 346
analyses. The CCS method is more sensitive and ~10-20 times faster than traditional plate 347 assays (here 50 min). A machine-learning based computational approach appears promising to 348 measure MICs in automated fashion. The method still needs testing at higher throughput, but 349 the results establish a proof of principle that its application for MIC determination is feasible.
350
In addition, one system that could exploit it directly, the so- (96% w/w), hydrochloric acid (HCl, 37%), propan-1, 2-diol and ammonium hydroxide were 370 purchased from Sigma Aldrich. Sterile and non-pyrogenic water was purchased from Otec ® .
371
Silicon wafers (doped-P bore, orientation (100)) were purchased from Siltronix ® and glass 372 coverslips (75 x 25 x 0.17 mm 3 #1.5H D263 Schott glass) from Ibidi. 373 374
Chitosan preparation 375 CS was subjected to filtrations in order to remove insolubles and impurities before any use. CS 376 was first solubilized in an AcOH aqueous solution, followed by successive filtrations through 377 cellulose membrane (Millipore®) with pore sizes ranging from 3 µm to 0.22 µm. CS was then 378 precipitated with ammonium hydroxide and washed by centrifugation with deionized water 379 until a neutral pH was obtained. The purified CS was finally lyophilized and stored at room 380 temperature.
381
In order to investigate the effect of DA on the film properties, CS with various DA were 382 prepared by chemical modification using acetic anhydride, for both CS of different molar 383 masses (14). CS was first dissolved in an AcOH aqueous solution (1% w/w) overnight. A 384 mixture of acetic anhydride and 1,2-propanediol was then added dropwise in the CS solution 385
for at least 12 h under mechanical stirring. The amount of acetic anhydride added was calculated 386 according to the DA aimed. The final solution was finally washed and lyophilized in the same 387 manner as after the filtration step. The DA of the different CS prepared was determined by 1 H 388 NMR (Bruker Advance III, 400 MHz). For CS 156 , the DA obtained are: 9.0 %, 14.5 %, 25.6 %, 389
35.3 %, 41.9 % and 52.2 %. DAs close to those obtained for CS 156 were obtained for CS 557 : 8.0 390 %, 12.2 %, 21.5 %, 34.0 %, 45.3 % and 52.6 %. 391 392
Film preparation 393
Silicon substrates and glass coverslips were cleaned from organic pollution using a piranha bath 394 (H 2 SO 4 /H 2 O 2 , 7/3 v/v) heated at 150 °C for 15 min, and then rinsed with deionized water 395 (resistivity of 18 MΩ.cm). They were then subject to ultra-sonication in deionized water for 15 396 min and dried under a flux of clean air. The substrates (glass or silicon) were then placed into 397 a plasma cleaner (Harrick Plasma ® ) for 15 min in order to generate the silanol groups at the 398 surface for a better adsorption of CS polymer chains. 399
In the meantime, CS was solubilized overnight in a solution of deionized water (Otec ® ) with 400
AcOH, under magnetic stirring and at room temperature. The amount of acid added was 401 calculated in stoichiometry compared to amine groups available along the CS polymer chain.
402
CS solutions with different concentrations ranging from 0.3% to 1% for CS 557 and 403 concentrations ranging from 0.5% to 2% for CS 156 were investigated in this study.
404
The films were finally formed onto silicon substrate by spin-coating at 2000 rpm until the 405 solvent evaporates completely (5 min). After spin-coating, films were stored 24 h at room 406 temperature before being characterized (unless mentioned otherwise). Some of the films were 407 finally rinsed in AcOH aqueous solution (pH 4) for 5 min so that only the adsorbed chains of 408 chitosan remain on the sample; the samples were then immersed in a water bath and finally 409 dried under a flux of clean air (thickness < 3 nm in all cases). 410 411
Surface topography 412 AFM. The surface morphologies were carried out by atomic force microscopy (AFM) (CSI 413 Nano-observer). AFM probes with spring rate close to 40 N/m were purchased from Bruker.
414
The AFM images were processed using Gwyddion software.
416
Thickness measurement 417
The film thickness was measured on the silicon wafers using spectroscopic ellipsometry. On 418 glass coverslips, the measurements were carried out using profilometry on scratched films. The 419 consistency of the results obtained by ellipsometry or using profilometer profiles independently 420 of the substrate used for a given chitosan solution permitted to use the measurement by 421 ellipsometry as reference.
422
The ellipsometer (SOPRA GES-5E) was set at an incident angle of 70°, very close to the silicon 423
Brewster angle. At least three measurements were done on each film at different positions in 424 order to verify the film homogeneity. Data were then processed using WINELLI (Sopra-SA) 425 software. A Cauchy model was used to fit experimental data (cos Δ, tan Ψ), in the spectral range 426 of 2.0-4.5 eV, depending on fits and regression qualities, to evaluate the thickness. The UV 427 parameters A and B were respectively set to 1.53 and 0.002.
428
A mechanical profilometer (Veeco Instruments) equipped with a cantilever of 2.5 µm in 429 diameter was used to measure film thickness on glass coverslips. For this purpose, the samples 430 were previously scratched by tweezer to locally remove CS film. Data analysis was performed 431 with VISION V4.10 software from Veeco Instruments. 432 433
Wetting measurements 434
Contact angles were measured using a tensiometer (Easydrop, Kruss) kit out with a camera 435 connected to a computer equipped with a drop shape analysis software. To put down the liquids 436 drop on the surface, a Hamilton syringe of 1 mL and a needle of 0.5 mm of diameter were used.
437
"Static" measurements correspond to the angle determined 10 seconds after water drop 438 deposition. Microfluidic channels were prepared from commercially-available six channel systems (sticky-453 Slide VI 0.4, IBIDI) that were directly applied to the surface of chitosan-coated slides. The 454 dried chitosan was rehydrated by addition de-ionised MilliQ water for at least 5 min.
455
After centrifugation, the microfluidic channels were connected to a syringe and a pump 456 (Aladdin syringe Pump WPI). Remaining non-adherent cells were thus removed trough a rinse 457 step: 1.5 ml rinse with a 1.5ml/min flow followed by 1.5 ml with 5ml/min flow. The work flow 458 was set at 3ml/h. Adhesion strength was assessed by increasing the flow in the channel. The 459 shear stress was calculated by the following formula, given by IBIDI: τ = η· 176.1 ·Φ were τ is 460 the shear stress (dyn/cm²), η the dynamical viscosity (dyn.s/cm²) and Φ the flow rate (ml/min).
461
In absence of data about LB dynamical viscosity, we hypothesize that it is close to cell culture 462 medium which is around 0.0072 dyn. Image segmentation procedures were developed in Python. In order to provide a streamlined 494 analysis procedure, we used the parameter-free threshold setting algorithm "iso_data" from the 495 scikit-image python package (29) to extract the contours of the bacterial cells.
496
For each contour, we then perform a singular value decomposition from the numpy library (30) 497 to retrieve aligned and centered contours for each bacteria. We use defect analysis (provided 498 by the opencv library) to detect the septum and split the contours. If the defects attributed to the 499 septum are distant of less than 0.5 µm and their center is less than 0.3 µm from the cell center, 500 the contour is considered to be composed of two cells, and is therefore split.
501
From the detected and split contours, we then extract relevant morphometric data: 502
• the contour area, 503
• the contour length or perimeter, 504
• the longer of the min area rectangle, 505
• the width of the min area rectangle, 506
• the circularity defined as 4 /ℓ ' . It is equal to 1 if, the contour is perfectly circular, lower 507 than 1 otherwise, 508
• the inverse of the aspect ratio of the enclosing rectangle, (width/length), always lower than 509 1, 510
• the ratio of the minimal rectangle area to the cell area, (which should be close to one for a 511 wild-type rod-shaped cell). 512 513
Image annotation and training 514
In order to constitute a training-set to apply supervised machine learning, we developed a web-515 based dashboard based on plotly-dash toolset (http://plot.ly/dash). The annotation tool allows 516
classifying the detected contours in 5 categories: normal, divided, abnormal, dead and invalid. 517
We annotated 7 assays corresponding to 8300 contours. 518 519
Outlier detection 520
From the annotated contours, those marked as "normal" were used to train a single class scalable 521 vector machine classifier provided by the scikit-learn library (31) More precisely we fit a 522
OneClassSVM object over 75% of the annotated data and use the remaining 25% over the above 523 defined morphometric data. The trained classifier is then used on all the detected data to remove 524 invalid contours from the count on each image. 525 526
Sensitivity criterion 527
For each assay, the growth rate is computed by performing a linear regression of the logarithm 528 of the number of detected bacteria versus time. 529 530 ( ) = . 2 1/2 3 ⇔ log ' ( ) = log ' . + / 1 531
The reported error is the 95% confidence interval. We use the scipy.stats.theilslopes 532 method (32) to perform the linear regression. A given growth assay is considered to survive if 533 the growth rate of 0.2 ℎ ; 1. This corresponds to a doubling time = 2 lower than 200 534 min. This cut off was chosen as it is longer than the microscopy acquistion span ( Figure S3D ). 535 536
